A simplified analytical method providing accurate unstrained lengths of all structural elements is proposed to find the optimized initial state of self-anchored suspension bridges under dead loads. For this, equilibrium equations of the main girder and the main cable system are derived and solved by evaluating the self-weights of cable members using unstrained cable lengths and iteratively updating both the horizontal tension component and the vertical profile of the main cable. Furthermore, to demonstrate the validity of the simplified analytical method, the unstrained element length method (ULM) is applied to suspension bridge models based on the unstressed lengths of both cable and frame members calculated from the analytical method. Through numerical examples, it is demonstrated that the proposed analytical method can indeed provide an optimized initial solution by showing that both the simplified method and the nonlinear FE procedure lead to practically identical initial configurations with only localized small bending moment distributions.
Introduction
It is well known that cables cannot behave as structural members until large tensioning forces are induced. Therefore, in order to design a cable-supported structure economically and efficiently, it is extremely important to determine the optimized initial cable tensions or unstrained lengths so that internal forces such as bending moments can be minimized even though large compressive forces in the frame members are ineluctable under self-weights.
Generally, the analysis process of finding an initial equilibrium state very close to the target configuration of cable structures under full dead loads is known as shape finding, form finding, or initial shape analysis. Until now, nonlinear FE analysis procedures based on the Newton iteration method have been developed for shape finding problems of cable bridges: the trial-and-error method [1] , the initial force method [2] , the analytical and iteration method [3] [4] [5] , the target configuration under dead loads (TCUD) related methods [6] [7] [8] , and the optimization method [9, 10] . Of these methods, it should be pointed out that the G.TCUD method by Jung et al. [8] , which generalizes the TCUD method by Kim and Lee [6] , can provide an ideally optimized initial shape well suited to the target configuration of suspension bridges. However, it is somewhat difficult to implement in general-purpose programs because all unstrained lengths are included in the nodal variables, as the additional unknown and the geometrically nonlinear analyses need to be performed based on a tangential stiffness matrix, which is nonsymmetrical.
On the other hand, some analytical methods [4, 7, 8] in the first stage have been proposed to obtain the trial initial state solution of cable-supported bridges. These schemes are mainly based on a continuous beam model under dead loads virtually supported at anchor points as shown in Figure 1 . Particularly, in the case of earth-anchored suspension bridges [8] , the hanger tensions, the horizontal tension, and the initial profile of the main cable can be accurately evaluated from the linear elastic analysis of this beam model and balanced conditions at nodal points on the main cable, which leads to Figure 1 : Continuous girder models having the initial camber in suspension bridges.
a minimized moment distribution of the main girder and the tower. However, for self-anchored suspension bridges having fabrication cambers, it should be noted that most initial state solutions obtained analytically using these methods fail to find an optimized initial configuration because the globally large bending moments in the main girder can incur owing to the combined action ( -Δ effect) of the fabrication cambers and the horizontal tension components of the main cable or the stay cables. Thus, it is clear that while these initial solutions using the previous analytical methods are not problematic when simply used as a trial initial state for nonlinear FE analysis, they cannot be directly used as an initial configuration in the preliminary design of selfanchored suspension bridges.
On the other hand, it appears that the analytical calculation method proposed by Wang et al. [5] can provide an optimized initial state solution for self-anchored suspension bridges by iteratively updating the horizontal tension of the main cable. Nonetheless, its mathematical formulation can be complex because the Newton iteration method is fully adopted based on the elastic catenary cable theory, while the self-weights of hangers are neglected. In addition, it should be pointed out that the initial forces of cable and frame elements are used instead of the unstrained lengths in formulating the initial shaping procedure.
In this study, a simplified analytical method providing accurate unstrained lengths of all structural elements is proposed to find the optimized initial state of self-anchored suspension bridges under dead loads. For this, equilibrium equations of the main girder and the main cable system are analytically derived and solved by accurately evaluating the self-weights of cable members using unstrained cable lengths and iteratively updating the horizontal tension component of the main cable. Through numerical examples, it is demonstrated that the proposed analytical method can indeed provide the optimized initial solution by showing that both the simplified method and the nonlinear finite element (FE) procedure (unstrained element length method (ULM)) lead to very similar initial configurations with only localized small bending moment distributions.
A Simplified Analytical Method for
Determining the Optimized Initial Shape of Self-Anchored Suspension Bridges
In Section 2.1, discussion is provided on developing a simplified analytical method, and in the subsequent two sections, simultaneous differential equations and nonlinear equations representing the equilibrium conditions are formulated and solved for the main girder and the main cable system, respectively. In the last section, a simplified analytical procedure is proposed to find the optimized initial configuration of the suspension bridges.
Initial Shaping Analysis of Suspension Bridges.
Ordinarily suspension bridges consist of main girders and towers and main cable systems connecting them. To design these structures economically, not only should the internal forces of the main members due to dead loads be minimized by initial shaping analysis, but also the initial configuration should fit in well with the target configuration. In other words, the horizontal and vertical displacements of the tower and the main girder should be zero or extremely small because the target configuration is given as initial coordinates. Particularly, in the case of self-anchored suspension bridges, bending moments by initial shaping analysis should almost vanish, except for local moments between anchored points, even though large axial forces in the main girders and the towers are inevitably induced due to the transfer of cable tensions. Based on these observations, the following comments are provided to gain some insight into the mechanical behaviors of suspension bridges under dead load before a simplified analytical method to determine the optimized initial solution of suspension bridges.
Comment 1.
It is assumed that the main girder model under dead loads in the case of earth-anchored suspension bridges is virtually supported at the nodal points anchored by hangers so that vertical displacements should not occur at these points except for the fabrication camber (Figure 1(a) ).
Clearly this assumption leads to the minimized bending moment distribution of the stiffening girder because it causes only local bending moments due to dead loads between anchored points. Furthermore, reaction forces at the rollersupported anchor points can be directly used in determining the tensions of hanger cables. In other words, no vertical deflections of the main girder should occur at the anchor points in order to determine the optimized hanger tensions of earth-anchored suspension bridges under dead loads. In the literature, this approach is called either the rigid supported continuous beam method, the zero displacement method, or the minimum bending energy method.
Comment 2.
For self-anchored suspension bridges having an initial camber, the main girder, which is subjected to both dead loads and large compressive force transferred by the Mathematical Problems in Engineering 3 main cable, should be supported by rollers at the anchored points (Figure 1(b) ).
It should be noted that, in the case of self-anchored suspension bridges with a fabrication camber under dead loads, horizontal tension components of the main cable can induce extremely large negative bending moments in the main girder as the span length is increased. To eliminate these moments and obtain the optimized initial state solution, the tension components of the hanger cables should be suitably decreased in order to exclude these bending moments, except for local moments. This difficulty can be overcome by analyzing the continuous beam subjected to not only the self-weight but also large compression due to the main cable. Because the accurate horizontal tension of the main cable is not known in advance, it should be calculated through the iterative analysis of the main girder linked to the main cable system.
Comment 3.
The balance condition of self-weights between the center span and the side spans is not required in the case of suspension bridges because some imbalance can be overcome by suitably changing the initial profile of the main cable system irrespective of whether it is an earth-anchored or self-anchored system.
The main cable system of suspension bridges can be designed so no bending moments occur in the tower by controlling the initial profile of the main cable so that the horizontal tension can remain constant throughout the main cable. This is possible because the main cable and hanger cables of suspension bridges form a cable system so that it can take an optimized configuration in harmony with external forces.
Comment 4.
The main cable segments between hanger cables are assumed to be parabolic under self-weight and nodal forces can be decomposed into the nominal tension and the two vertical reaction components /2 as shown in Figure 2 . Particularly, the unstrained (unstressed) length of a main cable segment with inclined angle and axial rigidity can be evaluated from the cubic equation of (1a) and (1b) when their nominal tension and the chord length are given:
Then, Ernst's equivalent elastic modulus is derived by differentiating with respect to . Consider
Essentially, each main cable segment between hangers should be modeled as an elastic catenary cable element. However, a main cable segment can be regarded as an elastic parabolic cable element with sufficient accuracy owing to its small sag and relatively large tension. This means that the main cable segment is assumed to behave as a truss element when deriving the force equilibrium conditions at the connection points by hangers, but its unstrained cable length can be accurately evaluated from (1a) and (1b) after the nominal tension and the chord length are determined. Generally, the unstrained cable length of the tensioned cable segments with some small sag is almost the same as the straight chord length, but their self-weight is precisely calculated using instead of .
Comment 5. -coordinates at the anchor points of the main cable and the main girder connected by hangers are fixed in the target configuration of suspension bridges under dead loads so that the hanger cables remain vertical in the initial shaping analysis. In this case, the unstrained length of the hanger cables is evaluated using Hooke's law, (2) , and selfweight of hangers is ℎ . Consider
Comment 6. The axial deformations of the main girder and the main towers are so small that their effects can be neglected when deriving equilibrium equations. Furthermore, the unstrained lengths of the girder and the tower elements are evaluated using Hooke's law when their axial force and chord length are given.
Continuous Main Girder Subjected to Both Its Weight and Large Compression.
Generally, a self-anchored suspension bridge can be separated into a main girder and a main cable system coupled by both the hanger tensions and the horizontal tension component of the main cable as shown in Figure 3 . The stiffening girder system subjected to hanger tensions and the compressive force transferred from the main cable are taken into account in this section. According to Comment 2, the girder model with the initial camber is assumed to be roller-supported at the anchorage of hangers to minimize bending moment distributions.
Considering the half girder model where the central hanger is excluded, the total number of girder segments between hanger cables becomes + + 2 when the numbers of hanger cables in the center span and the side span are 2 +1 and , respectively. For a typical th girder segment, the differential equation for its equilibrium state under uniformly
Center span Side span Figure 3 : Separated main girder and main cable system. distributed self-weights and large compression is derived as follows:
where the prime dictates the differentiation with respect to and the boundary conditions are given as
with V ( ), V , representing the initial camber function of the th girder segment and the camber at the th support, respectively, which are positive in the upward direction, V ( ) representing vertical deflection of the girder, positive in the downward direction, , representing self-weight per unit length and flexural rigidity of the girder, respectively, , representing shear force and bending moment at the left end of the girder segment, respectively, and (≡ +1 − ) representing the segment length. Note that the camber of the girder is usually fabricated to be upward convex due to the drainage problem and the actual displacement of the girder is V + V .
From the free body diagram of the th segment (see Figure 4 ), the recurrence relations of , , and the internal forces expressed with respect to the reaction forces are obtained as follows:
for = 2, 3, . . . , + + 2,
where Δ ≡ V , +1 − V , , with 1 , +2 representing reactions at the real supports. Also, assuming that V ( ) = 0 + 1 + 2 2 /2+ 3 3 /6, (3a) can be rewritten as
As a result, the closed-form solution of (5) is obtained as follows:
(c) Free body diagram: detail of Figure 5 : Main cable system and free body diagrams at the connecting points.
Finally, invoking the continuity conditions at the anchor points and the symmetry conditions at the right end leads to
2 .
Clearly, (7) is uniquely solved when is given because it is a set of simultaneous linear equations with respect to for = 1, + + 3.
Main Cable Subjected to Both Cable Weights and Hanger
Tensions. After the reaction forces are determined at the supports of the main girder under given , the main cable system subjected to hanger tensions and its weight are taken into account in order to update the horizontal tension component and the vertical profile of the main cable. In the present iteration process, it is important to note that self-weights of hangers and main cable segments are evaluated by multiplying the weight per unit length by calculated unstrained cable lengths which are based on the previous profile even though the exact unstrained cable lengths should be determined from the converged shape. The detailed procedure to calculate the new horizontal tensionâ nd the profilêis as follows.
First, calculate the chord lengths , and ℎ, of the th main cable segment and the th hanger based on the current nodal coordinate ( , ) of the main cable as
Next, determine the unstrained lengths of the main cable segment and the hanger from (1a), (1b), and (2) after the hanger tensions referring to Figure 5 (b) are evaluated using (9) . Consider
Then, the vertical loads acting at the junctions of the main cable and hangers due to cable weights and the reaction forces are evaluated as follows:
Finally, set up the nodal equilibrium equations of the main cable system by deriving vertical equilibrium equations at the th node (see 
where the above equations represent a set of simultaneous equations with unknown variables equal to the total number of independent equations becausêand̂are unknown variables except for the sag (= + +3 ) at the mid-point of the center span given as a design parameter. It should be noted that the horizontal tension components in the center span and the side span are equal in the initial state solutions, so that the main tower is subjected to no horizontal force.
Consequently,̂and̂of the center span are first evaluated by solving (11) in the center span and̂of the side span are then calculated usinĝpreviously determined. The evaluation procedure is as follows:
(a) Define the + 2 + 1 unknowns:
* ≡̂̂for = 2, . . . , + 1, + 3, . . . , + 2 + 3.
(b) Because the profiles at the anchorage and the tower saddle 1 , +2 , +2 +4 , 2 +2 +5 are known beforehand, rearrange the following variables using the sag :
(c) Evaluate updated̂and̂in the center span by solving the following linear simultaneous equation:
(d) Similarly, updatêin the side span by solving (14) usinĝdetermined in (13):
Simplified Analytical Procedure for Finding an Optimized
Initial State of Self-Anchored Suspension Bridges. A simplified analytical procedure for determining the optimized initial state of self-anchored suspension bridges having some camber is presented as follows.
Step 1. Build two structural models separated from the suspension bridge system: the continuous girder model supported by hanger cables and the main cable model subjected to cable weights and hanger tensions (see Figure 3) .
Step 2. After the iteration index is set to be zero, initialize the initial shape ( ) and the horizontal tension component ( ) of the main cable under the assumption that it is a parabolic cable under horizontally uniform loads.
Step 3. Begin the iteration process: = + 1.
Step 4. Evaluate the reaction forces ( ) of the continuous main girder supported at the anchored points subjected to both its self-weight and large compression ( −1) using (7).
Step 5. Calculate the chord lengths ) and determine the self-weights
ℎ, after calculation of the unstrained cable lengths using (1a), (1b), and (2).
Step 6. Determine the vertical loads
at the junctions of the main cable and hangers due to cable weights and the reaction forces ( ) .
Step 7. Calculate ( ) and profile ( ) in the center span by solving (13).
Step 8. Also, calculate profile ( ) in the side span by solving (14).
Step 9. Check whether or not the horizontal tension ( ) converges. If it is not converged, go to Step 3 and repeat Steps 3-9. If it is converged, go to Step 10.
Step 10. Establish the nominal tension , of the main cable segment and the hanger tension ℎ, , and then evaluate the compressive force of the tower and the axial forces of the main girder elements having initial cambers using the converged horizontal tension .
Step 11. Finally determine all the unstrained lengths by using (1a) and (1b) for each cable member and (2) for the vertical hanger cables, main girder elements, and tower elements in order to later utilize them in ULM. Figure 6 shows a flowchart of the simplified analysis method (SAM) to determine the initial state solution of suspension bridges including all unstrained lengths of cable and frame elements.
Comment 7.
In the case of earth-anchored suspension bridges, it should be noted that the reaction forces are not varied during the iteration process because the main girder system is not subjected to axial compression.
Comment 8.
It is observed that (7) of the main girder system under known in the previous iteration step provides related to hanger tensions and (13) of the main cable system updates and based on and calculated previously. Furthermore, it should be emphasized that (7) and (13) are clearly sets of linear simultaneous equations. 
Unstrained Element Length-Based FE Method (ULM)
A nonlinear analysis method, the unstrained element lengthbased FE method (ULM), is briefly explained in this section for the initial shaping analysis of suspension bridges. The main idea of ULM is the adoption of the conventional Newton iteration method to perform the geometrically nonlinear analysis with the unstrained lengths of both cable and frame elements kept constant in the iteration process. For its successful application, it is extremely important to determine the optimized unstrained element lengths from a suitable scheme.
ULM was first proposed by Jung et al. [8] for the initial shaping nonlinear analysis. ULM basically consists of two stages. In the first stage, accurate unstrained lengths of both cable and frame elements are determined to find an optimized initial configuration of cable bridges. For this purpose, ULM by Jung et al. [8] utilized unstrained lengths of all elements determined from the G.TCUD algorithm [8] . In that method, the unstrained lengths of both the frame element and the cable element are regarded as unknowns and the extended tangential stiffness matrix is derived. As a result, additional geometric constraints equal to the total number of finite elements are imposed to perfectly control the axial and lateral displacements of the main towers and girders. Through this process, it was demonstrated that G.TCUD can provide the ideal initial configuration of suspension bridges under dead loads.
On the other hand, in this study, it is emphasized that all the unstrained lengths are determined using the simplified analytical method proposed in the previous section instead of G.TCUD in the first stage. In the second stage of ULM, nonlinear FE analysis based on the Newton iteration method is performed by keeping the unstrained element lengths constant in the subsequent iteration loop as follows:
for = 1, 2, . . .
with ΔU, W representing the incremental nodal displacement and the dead load vector, respectively and F ( ) representing the equivalent internal force vectors due to all member forces. Note that the tangential stiffness matrix K is symmetric and vector L containing the unstrained lengths of all finite elements remains constant in the iteration process.
In numerical examples of this study, two ULMs, depending on how they are selected, are applied as follows.
(1) ULM(S).
The unstrained lengths of both cable and frame elements are determined from the simplified analytical method.
(2) ULM(G).
All the unstrained element lengths are determined from the G.TCUD method.
In FE analysis of suspension bridges using ULM, the main cable segments and hanger cables are modeled using an elastic catenary cable element and truss-cable element, respectively. In addition, an effective frame element which can calculate total deformations and member forces based on the unstrained length should be carefully selected and implemented in modeling the main girder and tower members. In this study, a corotational frame element is chosen based on works by Crisfield [11] and Le et al. [12] and its brief formulation is given by Jung et al. [8] . 
Numerical Examples
In this section, in order to demonstrate the efficiency and effectiveness of the proposed SAM and the corresponding ULM(S), the initial state solutions of two self-anchored suspension bridge models are provided and compared with those by G.TCUD and ULM(G). Because all numerical results and figures by G.TCUD and ULM(G) in the examples are generated or cited from the procedure presented in [8] , speech marks are used for their identification.
Example 1: Simplified Self-Anchored Yeongjong Bridge
Model. Figure 7 shows a simplified self-anchored suspension bridge model of Yeongjong Bridge having a center span of 300 m with sag of 60 m and side spans of 125 m. The main cable profile is projected in the vertical plane of the bridge and the stiffening truss is modeled as an equivalent girder having a fabrication camber which is linear (V = 0.015 ) along the side spans and parabolic (V = − 2 /22, 500+11 /450−35/72) along the center span. In FE modeling by ULM, the main cable segments and hangers are modeled using 42 and 39 (= 8 + 23 + 8) elastic catenary cable elements, respectively. Each segment of the main girder separated by two adjacent hangers is modeled using four frame elements. Table 1 summarizes the material, geometric, and dead loading data. Tables 2 and 3 show the initial coordinates and displacement increments at the nodal point on the main cable and the main girder, respectively, using the shape-finding analysis methods in which "Δ" refers to the increments relative to the nodal coordinate values (the second and the third columns of Tables 2 and 3 ) of the initial solution converged by G.TCUD [6] . Particularly, the third column of Table 3 denotes nodal coordinates due to vertical cambers which are assumed to be linear in the side span and parabolic in the center span. Table 3 : Nodal coordinates and displacements at points on the main girder obtained by ULM(G) and ULM(S).
Node number (m) G.TCUD [8] (m) G.TCUD [8] (mm) ULM(G)
[8] In addition, Table 4 designates the unstrained cable lengths obtained by SAM and G.TCUD and their differences. It is noted that the unstrained lengths of all cable and frame elements used in ULM(S) and ULM(G) are identical to those in SAM and G.TCUD, respectively. First, it is observed that the initial shape of the main cable and the main girder by ULM(G) is the same as that by G.TCUD from the fourth and the fifth columns in Tables 2 and 3 . This demonstrates that G.TCUD and the corresponding ULM(G) indeed provide an ideally optimized initial configuration of self-anchored suspension bridges, which is an important conclusion made by Kim and Lee [6] . Second, the initial state solution by SAM is identical to that by G.TCUD from the seventh column in Table 2 and the fourth column in Table 4 . Ed: highlight -colloquial. You can use ". . .in the end. . ." or ". . .finally. . ." but these are not needed here. Furthermore, it is observed that the initial solutions obtained by ULM(S) in Tables 2 and 3 closely agree with those by G.TCUD, which means that SAM can give an optimized initial shape by simple calculation because ULM(S) is based on the unstrained lengths calculated from SAM. Third, it is perceived that horizontal displacements Δ and vertical displacements Δ by both ULM(G) and ULM(S) nearly vanish at the connection points of the main cable, at the top of the towers and hangers, and at the anchored points of the main girder. This implies that the use of both ULMs provides an ideal initial shape conforming very well to the required target configuration of self-anchored suspension bridges. Finally, it is surprisingly observed from Tables 2-4 that the results analyzed by ULM(G) and ULM(S) are almost identical to those by G.TCUD, even though any additional constraints in ULM are not enforced, except for the conventional geometric boundary condition. On the other hand, Figures 8 and 9 show the bending moment diagram of the main girder with fabrication cambers and tensions of hangers along the main girder determined by two ULMs, respectively. In addition, Table 5 sums up the maximum internal forces and displacements of the main cable, the girder, and towers analyzed by initial shaping analysis methods. It is observed in Figure 8 and Table 5 that the bending moment diagrams of the main girder with cambers obtained by the two ULMs are very similar to that of the continuous beam under dead loads supported at the anchor points and that the maximum bending moments of the girder obtained by the two methods are in exact agreement. In addition, it is observed that the distributions of hanger tensions by the two ULMs show good agreement.
Example 2: Self-Anchored Suspension Bridge Model Having a Long
Center Span of 1200 m. Generally, the span length of self-anchored suspension bridges is very restricted because the main girder is subjected to extremely large compression with the increase of the span length. In this subsection, a virtual self-anchored suspension bridge having an extremely long span length is taken into account. Figure 10 shows the suspension bridge model having an extremely long center span of 1200 m with sag of 150 m and side spans of 500 m. The main tower is 175 m above the girder level. The main cable segments and hangers are modeled using 168 and 165 (= 35 + 95 + 35) elastic catenary cable elements, respectively. Each girder segment between the two hangers is modeled by four frame elements. The material and geometric data of the bridge model are the same as those of Table 1 , except for the tower height. Also, the vertical camber of the main girder is linear (V = 0.015 ) along the side spans and parabolic (V = − 2 /90, 000 + 11 /450 − 35/18) along the center span. Similar to Tables 2 and 3, Tables 6 and 7 show the initial coordinates and displacement increments at the nodal point on the main cable and the main girder, respectively. In addition, Table 8 displays the unstrained cable lengths obtained by SAM and G.TCUD.
First, the initial shape of the main cable and the main girder obtained by ULM(G) is exactly the same as that obtained by G.TCUD from the fourth and the fifth columns in Tables 6 and 7 , which shows that G.TCUD and the corresponding ULM(G) enable the provision of an ideal initial state of extremely long self-anchored suspension bridges. Second, the initial state solution obtained by SAM is identical to that obtained by G.TCUD. Moreover, the initial solutions obtained by ULM(S) in Tables 6 and 7 very closely agree with those obtained by G.TCUD, which demonstrates that SAM can give an optimized initial solution. Third, Δ and Δ by both ULM(G) and ULM(S) vanish at the connection points of the main cable and the anchored points of the girder, which indicates that the two ULMs provide an ideal initial state conforming very well to the target configuration of suspension bridges.
Figures 11 and 12 display the bending moment diagram of the main girder and distributions of hanger tensions along the main girder determined by the two ULMs, respectively. Table 9 sums up the maximum internal forces and displacements of the main cable, the girder, and towers by initial shaping analysis. It is again observed that the bending moment diagrams of the girder obtained by the two ULMs are very similar to that of the continuous beam supported at the anchor points and that the maximum bending moments of the girder obtained by the two methods are in exact agreement. Also, the distributions of hanger tensions obtained by the two ULMs show good agreement.
Conclusions
A simplified analytical method (SAM) was proposed to determine the optimized initial configuration of self-anchored suspension bridges under dead loads. The ULM(S) based on unstrained element lengths by SAM was applied to demonstrate its validity and efficiency. The following concluding comments are made based on the numerical results of suspension bridge examples obtained by both the SAM and the ULM(S). In the case of self-anchored suspension bridges having an upward fabrication camber convex, an initial solution obtained by an analytical method can lead to globally very large negative bending moments in the main girder due to the combined effect of the camber and the compressive force transmitted from the main cable if the horizontal tension component is not updated iteratively. To eliminate the negative moments induced in the main girder due to -Δ effect in self-anchored suspension bridges, the hanger tension should be suitably decreased, which results in increasing the vertical profile of the main cable. This can be achieved by SAM, which adopts the continuous girder model subjected to both its self-weight and the updated horizontal tension of the main cable through an iteration process.
Consequently, SAM can provide the optimized initial state of the self-anchored suspension bridge because not only is the initial solution obtained by ULM(S) based on SAM in full agreement with that by SAM, but also it leads to only minimized bending moments of the main girder, eliminating the bending moments of towers, and the initial shape conforms very well to the target configuration.
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